Abstract-Four new cell lines from pupal ovaries of
I. INTRODUCTION
The beet armyworm, Spodoptera exigua (Hübner) (Lepidoptera: Noctuidae), is one of the most destructive polyphagous pests for a great variety of important agricultural crops worldwide [1] . The larvae of S. exigua have been reported to develop resistance to chemical insecticides and other biological control agents such as Bacillus thuringiensis (Bt) [2] - [5] , reducing both crop Manuscript received March 21, 2018; revised August 8, 2018. yield and quality. An attractive alternative for control of S. exigua is the integration of common control practices with the management of natural enemies, especially parasitoids and S. exigua multiple nucleopolyhedrovirus (SeMNPV) that attack the larval stages [6] .
SeMNPV is an important entomopathogenic virus belonging to the family Baculoviridae [7] . During the infection process of NPVs, two distinct forms of virion, occlusion-derived viruses (ODVs) and budded viruses (BVs) are generated [8] . BVs are not occluded and responsible for virus spread in cell culture and between tissues of an infected host larvae. BVs are synthesized in the nucleus and become enveloped as nucleocapsids bud through the plasma membrane of the infected cell. In contrast, ODVs obtain their envelopes from viral induced membranes within the nucleus and then are occluded in a crystalline matrix composed of polyhedrin to form Occlusion Bodies (OBs) or polyhedra which can protect the infectious virions from environmental degradation. ODVs are responsible for the initial infection of the midgut epithelium of insect hosts.
Due to its high degree of specificity and infectivity against S. exigua [9] , [10] , SeMNPV has been developed and registered as a bioinsecticide for a number of years to control S. exigua [11] - [14] . The viral insecticides can be produced in both in vivo and in vitro systems. Several cell lines from S. exigua have been established for the primary purpose of studying and optimizing the OBs production [15] . The successful replication of SeMNPV in a continuous cell line from the neonate larvae of S. exigua, designated SENL1, has been reported [16] . The SENL1 cells are highly susceptible to SeMNPV. However, passage of SeMNPV in SENL1 cells causes a significant reduction in virions and nucleocapsids per OB. Interest in SeMNPV as bioinsecticides has led to the search for effective host cell/SeMNPV model for in vitro production. The ability to produce large amounts of highpotency viral preparations in insect cells is significantly influenced by host cell line, virus strain and medium [17] . It is desirable to use a highly productive cell population for this model. Insect cell lines were commonly initiated from embryos and ovaries. Thus, this work aimed to obtain the continuous cell lines from pupal ovaries of S. exigua that are susceptible to SeMNPV. In the current study, four continuous cell lines have been established and their susceptibility to SeMNPV has been determined. Electron microscopic observations on virus replication and morphogenesis in the infected cells of S. exigua were also reported.
II. MATERIALS AND METHODS

A. Primary Culture and Subculture
A laboratory colony of S. exigua was reared on an artificial diet [18] at 27°C and allowed to grow to the pupal stage. The 4-day-old pupae were collected and surface sterilized by immersion in 10% formaldehyde for 10 min and then in 70% ethanol for 5 min. The pupae were transferred to sterile filter paper in a petri dish and allowed to air dry in a laminar flow cabinet. Ovaries were aseptically removed from 10 female pupae, minced and dissociated in 0.3% (w/v) collagenase dissolved in Hank's balanced salt solution [19] and incubated 30 min at 37°C. Following the incubation period, the collagenase was removed by centrifugation at 550g for 5 min and the cell pellets were resuspended in culture medium. The primary cultures were maintained in 5 ml of TC100 medium [20] supplemented with 10% fetal bovine serum (FBS) and 3% heat-inactivated hemolymph of Helicoverpa armigera (Lepidoptera: Noctuidae) in a 25-cm 2 tissue culture flask and incubated at 27°C. The culture medium was changed by replacing a half volume with fresh medium once a week until the first subculture was made. After the cells had been cultured for 3 months, the concentration of hemolymph was gradually reduced and deleted. Finally, the cells were cultured in TC100 medium supplemented with 10% FBS.
The first subculture of all primary cultures was performed when cells in the culture flask became confluent. Subculture was carried out by detaching cells from the surface of the flask, the cells were then dispersed by gentle pipetting and transferred into a new flask. The cultures were maintained and further passaged at 5-day intervals.
B. Growth Kinetics
The kinetics of cell growth were determined at passages 50 by recording cell densities for 7 days. S. exigua cells in the logarithmic growth phase were harvested and seeded at 2 x 10 5 cells/ml in 5 ml of TC100 medium supplemented with 10% FBS into 25-cm 2 culture flasks. At each time interval, cells were collected from the flask by scraping with a rubber policeman and the resulting cell clumps were gently dispersed by pipetting. The cell density and viability were determined at 1-day intervals by using a hemocytometer and trypan blue staining. A cell growth curve was generated from the average of three independent experiments. An exponential regression was used to calculate the population doubling time during the logarithmic phase of growth [21] .
C. Virus Infection
The SeMNPV isolate used in this study was SeMNPV-K, which originated from naturally-infected S. exigua larvae. The virus was maintained and propagated in S. exigua larvae to generate infectious hemolymph containing BVs as described in the previous report [22] .
S. exigua cells in log phase were seeded into 25-cm 2 flasks at a density of 2 x 10 6 cells/flask and allowed to attach for 1 h. Monolayers of the S. exigua cells were mock-infected with culture medium or were infected with hemolymph collected from SeMNPV-infected larvae at a ratio of 1 ml/10 6 cells. The virus inoculum was allowed to adsorb to the cell monolayer, with gentle rocking, for 1 h at room temperature. At the end of the adsorption period, the inoculum was removed and then the cells were rinsed twice with culture medium without FBS. Time zero postinfection (pi) was defined as the time when the inoculum was removed and replaced by 5 ml of fresh medium. The cultures were then incubated at 27 o C, and observed daily for evidence of cytopathic effects (CPEs). Culture media were collected at the designated times, and BV production was determined by plaque assay. All samples were collected from three separate experiments. The assays were performed in triplicate on SENL1 cells in 35-mm culture dishes [22] . The purified OBs were suspended in sterile distilled water and stored at 4°C.
D. Electron Microscopy
The SeMNPV-infected cells were detached from the bottom of the flask by tapping, centrifuged at 1,000g and thereafter washed twice in phosphate-buffered saline (PBS). Pellets were gently resuspended and fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer pH 7.2, for 2 h at 4°C, and washed twice with PBS. Samples were seeded onto aluminum stubs and air dried in a laminar flow cabinet. Then stubs were coated with gold and examined using the scanning electron microscope (SEM), Hitachi SU8020 at 5 kV.
In order to study in vitro morphogenesis of SeMNPV, virus-infected cells were processed for transmission electron microscopy. The SeMNPV-infected cells containing OBs were harvested, pelleted and fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer pH 7.2, for 2 h at 4°C. The samples were washed with phosphate buffer pH 7.2 at 4°C and resuspended in 2% SeaPlaque GTG agarose (Lonza). After solidification of the agarose, the cell-agarose block was cut with a razor blade into small cubes of about 1-2 mm length and washed with phosphate buffer, before being fixed with 1% osmium tetroxide, for 1 h at 4°C. After washing, the samples were sequentially dehydrated with increasing concentrations of acetone, infiltrated and embedded in Epon resin. Samples were cut with ultramicrotome, stained with lead citrate and uranyl acetate. Ultrathin sections were observed under a transmission electron microscope, Hitachi HT7700 at 80 kV.
III. RESULTS AND DISCUSSION
A. Primary Culture and Subculture
Cells derived from the explant tissues adhered to the culture flask surface within 1 day of initiation of the primary culture (Fig. 1) . Cells that migrated away from the explants were vacuolated and appeared to be firmly attached. The number of cells started to increase slowly during the first month. The cells gradually distributed and formed adherent monolayers after 3 months of culture. When the number of cells increased, a confluent monolayer comprised of round and spindle-shaped cells was formed on the surface of culture flask. About 5 months after the primary cultures were set up, some multicellular aggregates were observed. The first subculture was successfully achieved after a culture period of 6 months. The adherent cells were gently dislodged from the culture flask and were subsequently transferred into a new 25-cm 2 flask. For routine subculture, the flasks were tapped gently to detach the cells, then cell suspension was transferred into a new flask. Adherent cells were maintained in TC100 medium supplemented with 10% FBS. After the first 10 passages, the cells exhibited stable growth and the active proliferation of cells was observed. The resulting continuous cell lines were designated KU-SEPO-1 (SEPO1), KU-SEPO-2 (SEPO2), KU-SEPO-3 (SEPO3), KU-SEPO-4 (SEPO4), respectively. The morphological characteristics of SEPO1, SEPO2, SEPO3 and SEPO4 cells as revealed by light microscopy appeared similar. In the cell population, the round and spindle-shaped cells were identified by their shape. Cells of both types grown in monolayers attached to the culture flask. All cell lines demonstrated tightly attached cells that tended to pile up before reaching confluency. This feature might be related to the formation of cell aggregates in these cell lines. The observed clumping may result from a low level of contact inhibition, and that may contribute to the observation of high cell density in insect cell cultures. Due to the fact that contact inhibition shown by various mammalian cell lines is low or absent for insect cells, they tend to aggregate in suspension or in adherent cultures [23] . Therefore, overgrown cells pile up to form multilayered cultures, or detach from the culture vessel surface and float in the medium [24] , [25] . When detached from the culture flasks, cells from these cell lines became rounded. This observation has been also reported in SENL1 cell cultures [22] .
B. Growth Kinetics
Growth pattern of SEPO1, SEPO2, SEPO3 and SEPO4 cells in monolayer culture was characterized (Fig. 2) . The population doubling times of SEPO1, SEPO2, SEPO3 and SEPO4 cells during the logarithmic phase of growth were 57, 46, 59, and 55 h, respectively. The SEPO2 cells showed a faster growth rate than all other pupal ovarian cell lines established in the present study. Both SEPO1 and SEPO2 cells showed no lag phase, cell density increased by 1 day after seeding. This feature indicated that the seeded cells were able to adapt to the culture environment and preparing for fast growth. SEPO3 cells showed an initial lag phase of 2 days, whereas SEPO4 cells showed a shorter lag phase of 1 day. The growth curve of SEPO1 cells shown in Fig. 2 revealed that the number of cells increased exponentially during the first 4 days followed by a rapid decline. SEPO1 cells reached a plateau earlier with a maximum cell density of 4.5 x 10 5 cells/ml. SEPO2 cells increased exponentially and reached a maximum cell density of 6.0 x 10 5 cells/ml on day 5, then entered the stationary phase. Two cultures (SEPO3 and SEPO4) continued to grow, although at a slower rate, until day 6 before the culture entering the stationary phase. The SEPO3 and SEPO4 cultures plateaued at cell densities of 6.3 x 10 5 cells/ml and 6.0 x 10 5 cells/ml, respectively. Due to a faster growth rate, the SEPO2 cell line was preferred for studying the morphological and growth (Fig. 3A, B) into a near spherical shape (Fig. 3C) . At the stationary phase, cells continued to grow and began to form multicellular aggregation due to the high density culture (Fig. 3C) . However, vacuolated cells appeared to be more abundant because of nutrient limitation (Fig. 3C) . Some cells completely detached and were free floating in the medium (Fig. 3D) . The average sizes (mean ± SE) of the SEPO2 cells during log phase were determined from measurements of 100 cells. Round cells were spherical with a diameter 15.68 ± 0.17 μm. The average cell sizes of the spindle-shaped cells were 13.52 ± 0.13 μm in width, and 35.0 ± 0.68 μm in length. 
C. Virus Susceptibility
To determine whether the SEPO1, SEPO2, SEPO3 and SEPO4 cell lines differed in susceptibility to SeMNPV, the infectious hemolymph containing BVs was used as an inoculum. The SEPO2 cell line was found highly susceptible to SeMNPV. At 5 days pi, the numerous OBs were formed in the hypertrophied nuclei of SeMNPVinfected cells and 100% of the cells contained OBs (Fig.  4) . These cells became loosely attached to the substrate, almost infected cells lysed and released OBs into culture medium. These observations suggested that infection of SEPO2 cells by SeMNPV was successfully completed. Infection of the SEPO4 cell line with SeMNPV was also productive, 80% of the infected cells had OBs by 5 days pi (Fig. 4) . In contrast, SEPO1 and SEPO3 cells infected with SeMNPV exhibited hypertrophy of the nucleus. Although typical CPEs like granulated and rounded cells, nuclear hypertrophy and impairment in cell proliferation were observed, only 10% of the SEPO1 cells had OBs by 5 days pi (Fig. 4) . However, no OB formation was observed in SeMNPV-infected SEPO3 cells at any stage of infection, suggesting that infection of these cells was abortive. To determine if SEPO1, SEPO2, SEPO3 and SEPO4 cells were fully permissive and produced progeny virions, culture media were harvested at 1-day intervals until 7 days pi. BV titration was performed by plaque assay [16] . The virus growth curve was constructed using the mean titer for each time point. The BV titers in the infected SEPO2 and SEPO4 cells gradually increased during the virus growth cycle and reached a plateau of 1.3 x 10 6 PFU/ml and 4.0 x 10 4 PFU/ml, respectively, at 5 days pi (Fig. 5) . The virus titers of SeMNPV, which showed no infectivity in SEPO1 and SEPO3 cells (Fig. 4) , were determined by plaque assay. As shown in Fig. 5 , the virus titers were estimated at approximately 10 3 PFU/ml and did not indicate the occurrence of virus replication. These virus titers likely represented residual virus inoculum rather than the newly produced virus progeny. Although a few OBs were observed in the infected SEPO1 cells (Fig.  4) , virus replication appeared to be restricted. No significant increases in number of OBs and titer of infectious BVs were detected. These results indicated that SEPO2 cells were more susceptible to SeMNPV infection and exhibited a higher production of BV titers compared to the other S. exigua cells obtained in the present study. Thus, the SEPO2 cell line could represent a promising candidate to develop a process for the in vitro production of SeMNPV. Accordingly, SEPO2 cell line was selected for further ultrastructural observations of virus replication and morphogenesis. SEM observations of the SeMNPV-infected SEPO2 cells showed that the hypertrophy of infected cells observed under light microscope could result from accumulation of OBs. These OBs were released upon cell lysis into culture medium. The shape of OBs produced by SeMNPV in SEPO2 cells was roughly spherical with relatively smooth surface and sharp edges but highly variable in size (Fig. 6A) .
To further study whether the in vitro condition has any effect on virus morphogenesis, transmission electron microscopy was performed with ultrathin sections generated from SEPO2 cells infected with SeMNPV (Fig.  6B-D) . The infected cells exhibited the typical baculovirus infection, including enlargement of the nuclei and peripheral displacement of the cell chromatin along the nuclear membrane. Concomitant with chromatin margination was the appearance of an electron-dense virogenic stroma. Virogenic stroma observed in the enlarged nuclei appeared as a loose granular material, located centrally and surrounded by numerous rod-shaped nucleocapsids at different stages of envelopment and occlusion (Fig. 6B) . Electron micrographs confirmed that the SeMNPV was a multiple embedded virion type. Both single nucleocapsids and packets of nucleocapsids were partially or completely surrounded by a bilayer envelope (Fig. 6C) . Nuclei of infected cells, during late stages of the infection, typically contained rod shaped, naked nucleocapsids and mature virions with several virions were occluded by a crystalline matrix of polyhedrin protein forming the OBs (Fig. 6D ). Viral envelopes of particles that were partially occluded into OBs were often compressed. Large numbers of OBs were produced throughout the late stages of the infection and the mature OBs with entirely wrapped by polyhedron envelope (PE) contained numerous virions (Fig. 6D) . These observations were similar to infections found in tissues of S. exigua larvae [22] . In the present study, four new continuous cell lines were established from the pupal ovaries of S. exigua and grown at 27°C in TC100 medium supplemented with 10% FBS. Although derived from the same source, these cell lines exhibited different growth characteristics compared to each other. SEPO2 cells grew much more rapidly than other cell lines obtained in this study. The population doubling time of SEPO2 cell line during the logarithmic phase was 46 h. The population doubling time of this new cell line was shorter than that of IOZCAS-Spex XI and IOZCAS-Spex 12 cell lines that have been established from the same tissue of S. exigua [26] , [27] . The population doubling times of IOZCASSpex XI and IOZCAS-Spex 12 cell lines were 81.7 h and 71 h, respectively. Insect cell lines derived from the same species but from different tissues may have some unique biological properties and growth characteristics. The SEPO2 cells showed a faster growth rate than the other S. exigua cell lines from the growth curves [28] , [29] . The population doubling times of UCR-SE-1 (neonate larval tissues), QAU-Se-E-1, QAU-Se-E-2 and QAU-Se-E-3 (embryonic tissues) cell lines were 56 h, 59.03 h, 49.08 h and 49.91 h, respectively. Although the S. exigua cell lines SENL1 and SEPO2 grew at nearly the same rate, very little cell growth was observed. SEPO2 cells increased and reached a maximum cell density of 6.0 x 10 5 cells/ml on day 5, whereas SENL1 cells increased and reached a maximum cell density of 8 x 10 5 cells/ml with 6 days culture [16] . The SEPO2 cells were successfully infected with SeMNPV and infectious progeny virus were produced. The results and observations obtained in this study strongly indicated that SEPO2 cell line is a better cell line for virus infection and production of SeMNPV than other cell lines obtained in this study (Fig. 4, Fig. 5) . Susceptibility of the cell line to infection by SeMNPV was further confirmed by electron microscopy. SEM observations indicated that the morphology and maturation of SeMNPV OBs were controlled by the host cell factors. The high percentage (up to 90%) of mature OBs was observed in SeMNPV OBs formed in the infected SEPO2 cells (Fig. 6A) , whereas the mature OBs formed in the infected SENL1 cells was 60% [22] .
Numerous cell lines from a variety of tissues of S. exigua have been documented [15] . These cell lines exhibit different susceptibility to virus and produce variable amounts of OBs [15] , [26] - [30] . However, these reports did not describe the evidence of cell ability to build up mature OBs or the proportion of mature versus immature OBs. Interestingly, the production of progeny virions in the SEPO2 cells was higher than or comparable with that in SeMNPV-infected SENL1 cells [22] . The BV titers in the infected SEPO2 cells reached a plateau of 1.3 x 10 6 PFU/ml at 5 days pi, while titers of infectious BVs from SeMNPV-infected SENL1 cells peaked at 1.0 x 10 6 PFU/ml by 3 days pi. This result clearly showed that SEPO2 cells were permissive for SeMNPV infection with relatively slow virus production compared to that observed for SeMNPV-infected SENL1 cells. Light and electron microscopic observations revealed that SeMNPV replicated well in both SEPO2 and SENL1 cells and exhibited the many polyhedra (MP) phenotype (based on a large number of OBs produced per cell). SEM observations showed that the OBs obtained from both SEPO2 and SENL1 cells were morphologically similar to that seen for SeMNPV OBs obtained from dead larvae [22] . In this study, although using similar conditions and virus inoculum as employed in previous experiments [22] for the infection of SEPO2 cells, OBs with aberrant morphology in the nucleus of SeMNPV-infected cells were not detected. It is possible that cell lines derived from different tissues in the insect host become infected at different times and produce different quantities of progeny virus. The SeMNPV infection of SEPO2 cells developed at a slower rate (requiring 5 days before a peak titer of BVs compared with 3 days for the infection of SENL1 cells). These results indicated that the BV production was delayed by about 2 days in the SEPO2 cell line compared with that in the SENL1 cell line. In general, the virus growth kinetics in the permissive cell lines can be divided into three distinct phases: the latent phase, exponential phase, and stationary phase [30] . During the stationary phase or very late phase of infection, the production of infectious BVs is greatly reduced or shuts down. It has been reported that the OB formation during SeMNPV infection in S. exigua cell lines occur concomitantly with the production of BVs [30] . However, BV production ceases before the OB maturation. Mature OBs are completely surrounded by PE. A protein called the PE protein (PEP) has been shown to play an important role in morphogenesis and OB maturation [31] , [32] . As shown in Fig. 6 , most (90%) OBs of SeMNPV produced in infected SEPO2 cells were mature. It is possible that pupal ovarian cell line-derived factors appear to be more suitable for virion occlusion and OB morphogenesis of SeMNPV. These factors are probably required for the proper formation of the PE and may be involved in the final stage of OB maturation. The function of host cell factors in the OB morphogenesis is not well-defined but reports have suggested that proper virion occlusion in the OBs of Autographa californica MNPV are influenced by cellular proteins on the inner nuclear membrane or in the nuclei of insect cells [33] . The differences observed in cell ability to build up mature OBs between the SeMNPV-infected SENL1 and SeMNPV-infected SEPO2 cells are an interesting area of further research.
More than 600 cell lines have been developed from various species of insects [34] . These cell lines, especially cell lines from lepidopteran pests, are valuable resources for the production of biologicals, including biological insecticides and recombinant proteins. The availability of insect cell lines from many laboratories is an important step for increasing the use of these cell lines for biological research. The tissues used in developing insect cell lines have been described [35] . Several cell lines of S. exigua have been established and are now available for replication study of the SeMNPV [15] . The successful attempts to develop S. exigua cell lines are with embryos (eggs) [29] , [36] , neonate larvae [28] , [37] , larval hemocytes [38] , larval fat bodies [39] , [40] and pupal tissues (without specific selection) [15] . Among these established cell lines and clones available for in vitro cultivation, many are susceptible to SeMNPV or other NPVs that are specific to the particular insect species. Two continuous cell lines originated from the pupal ovaries of S. exigua have been developed and characterized [26] , [27] . These cell lines, IOZCAS-Spex XI and IOZCAS-Spex 12, were susceptible to SeMNPV. At 7 days pi, 80% of IOZCAS-Spex XI cells were infected with SeNPV. However, in SeMNPV-infected IOZCAS-Spex 12 cells, the percentage of infected cells was not reported.
The present study showed that SEPO2 cells were highly susceptible to SeMNPV and the number of immature OBs was less abundant than that observed in a population of OBs obtained from infected SENL1 cells. The SEPO2 and SENL1 cell lines have been established from pupal ovaries and neonate larvae of S. exigua, respectively. The virus multiplied rapidly in SENL1 cells, led to rapid death of infected cells, eventually causing improper formation of the PE. An alternative explanation for the phenomenon might be due to host cell factors potentially involved in maturation of SeMNPV OBs. This has led to an understanding of the virus-host cell interactions and OB morphogenesis. This observation indicated that although SeMNPV propagated in homologous cell lines might be able to affect OB morphogenesis. In agreement with [15] , pupal tissues would be the best source for development of cell lines with a high susceptibility to SeMNPV. In the present study, the S. exigua cell lines derived from pupal ovaries differed in their susceptibility to SeMNPV. It has been reported that various insect cell lines and clones originating from the same tissues of the same species exhibit different degrees of susceptibility with different types of response against NPV infection [41] - [45] . The exact mechanism underlying this phenomenon still remains to be elucidated.
IV. CONCLUSIONS
In this study, four continuous cell lines were established from pupal ovaries of S. exigua. The susceptibility of these cell lines to the homologous virus, SeMNPV, varied and ranged from permissive to nonpermissive. A fast growing cell line, SEPO2, was selected based on its ability to fully support SeMNPV replication. Electron microscopy of the infected SEPO2 cells showed that SeMNPV replication in vitro was similar to that observed in vivo. Thus, the present study provides a promising novel S. exigua cell line for studies of SeMNPV biology. Finally, this cell line will be a valuable resource for comparative studies of the replication of SeMNPV in homologous cell lines derived from different tissues.
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